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ENZYMES AS FACTORS IN RESISTANCE TO
TUBERCULOSIS*
II. THE INHIBITION OF ENZYME ACTIVITY BY FATTY ACIDS
B. GERSTL AND R. TENNANT
Jobling and Petersen10 presented evidence as long ago as 1914
that the lipoids of tuberclebacilli inhibit proteolytic enzymes. More
recently, Peck"5 has shown that these lipoids also inhibit crystallized
trypsin and that the higher the molecular weight of the lipoid the
greater is its interference with the enzyme function.
Further investigation involving fractions of tubercle bacilli and
enzyme activity has been reported from this laboratory.8 It has
been shown that lecithinase, one of two enzymes essential for the
cleavage oftubercle phosphatide, is strikingly inhibited by fatty acids
split off from the phosphatide, which is one of the most potent com-
ponents of the tubercle bacillus (Sabin"7). This adverse effect of
fatty acids varies with enzymes derived from different species or
different organs of the same species, and correlates with the ability
of different organs to split tubercle phosphatide. These facts sup-
plement the finding that enzyme activity, as determined on model
substrates, does not necessarily indicate the effect of the enzyme on
tubercle phosphatide.
Several problems present themselves. As will be shown, the
difference in the response of the enzymes is not due to substances
incidentally present in the enzyme test solutions. This made it
desirable to determine how the lipoids affect the enzyme. The
mechanism of inhibition or inactivation effected by lipoids has been
considered of practical importance and has been investigated (Peck,"
Stock and Francis"8). The problem whether molecular weight or
chemical structure of the fatty acids or changes they exert on surface
tensions are the factors that determine inhibition and its extent was
studied with reference to lecithinase.
Methods
Enzyme test solutions: The preparation of enzyme extracts as well as
the mode of determining cleavage were similar to those employed in previous
experiments.8 The test solutions were made up so that each of the aliquots
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taken at various intervals contained 20 mg. of enzyme extract suspended in
1 ml. of water, 3 ml. of veronal buffer13 pH 7.6, and 1 ml. of 0.5 per cent
lecithin suspension as substrate.
Fatty acids: Oleic and linoleic acids were obtained from commercial
sources. Their iodine values, determined according to Winkler,19 were found
to be 96.6 and 183.0, respectively. A purified sample of chaulmoogric acid,
melting point 67.5-68.5, was kindly supplied !by V. H. Wallingford of
Mallinckrodt Chemical Company. The soap solutions were freshly prepared
by neutralization of a weighed sample of fatty acid with the calculated amount
of aqueous sodium hydroxide and were diluted to M/50 with veronal buffer,
pH 7.6.
Surface tension: Measurements of surface tension at the air-liquid inter-
face were carried out with a duNoiiy tensiometer. The readings obtained for
water at 24° C. were 72.9 dynes/sq. cm.; for benzene c.p. (Eimer and
Amend) at 230 C. they were 31.6 dynes/sq. cm. Three readings were
carried out on every sample and the average was taken.
In preliminary experiments, about 25 minutes were required for lecithin
suspensions to reach equilibrium. Thus, all the measurements on enzyme
test solutions were carried out on the supernatant after a 25-minute interval.
Calcium: Calcium content of the filtrates of the enzyme reaction mixtures
was determined by the method of Halverson and Bergeim,9 with the modifi-
cation recommended by Kramer and Tisdall.12
Proteins: The proteins were extracted from the enzyme preparations, and
their fractions were determined by the method of Ayres and Lee.2
Lipoids: These were, extracted and estimated according to a recent modi-
fication7 of the method of Bloor.3
Results
I. Peck"5 demonstrated that calcium ions, by formation of an
insoluble calcium salt, render fatty acids ineffective as inhibitors for
trypsin. Consequently, variation of calcium present in the enzyme
preparations may be assumed to be responsible for variations of
inhibition with different enzyme preparations.8
The calcium was determined on 100 mg. lots of enzyme prepa-
rations. The results are reported in Table 1.
TABLE 1
Mouse lung ........... 0.052 mg.
Mouse kidney ........... 0.030 mg.
Rabbit lung ........... 0.068 mg.
Rabbit kidney ........... 0.050 mg.
Guinea-pig lung ........... 0.094 mg.
Guinea-pig kidney ........... 0.054 mg.
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Since the amount of enzyme preparation employed in 5 cc. of
reaction mixture was only 20 mg., the molar concentration of the
calcium ion was far below that of the fatty acid added (I/100OM)
and thus could not be responsible for a reversion of the inhibitory
effect of the fatty acid.
Lipoids may act as adsorbents and thus counteract the inhibiting
properties of the fatty acids.5 This was indicated also by the fol-
lowing observation: 2 cc. of 0.5 per cent lecithin suspension were
mixed with 17 cc. of veronal buffer, pH 7.6, previously brought to
the desired temperature. Surface tension was measured as soon as
equilibrium was reached. Then, 1 cc. of M/50 oleic or chaul-
moogric acid was added making a final concentration of M/I 000.
Table 2 gives the initial surface tension readings and those at the
various intervals after addition of the respective acid. One suspen-
sion was kept at 6° C. and the other at 370 C.
TABLE 2
Minutes
Temp. 00* Ot 30 60 90 120 180 240 300
Dynesl/sq. cm.
Oleic acid 60C. 48 31.8 31.6 37.6 38.4 39.9 ...... 39.4 39.3
Oleic acid 37.50C. 46.1 33.8 34.2 35.8 34.5 34.8 .... 34.1 34.3
Chaulmoogric 60C. 47.2 44.1 45.8 44.6 ...... 44.4 44.4 45.4 ......
Chaulmoogric 36.5°C. 43.0 42.0 41.2 40.5 .... 37.7 38.9 40.0 ......
* Reading before addition of oleic acid.
t Reading immediately after addition of oleic acid.
Addition of oleic acid (Table 2) was followed by an immediate
and marked drop of surface tension with a subsequent slow recovery.
Chaulmoogric acid lowered the surface tension slightly and
slowly; the lowest point was reached only after 120 minutes.
Upward movement of the surface tension values was then noticealble.
This phenomenon produced similarly in serum and reported by
duNouy,5 suggested that the colloidal (lecithin) particles were
responsible for the rise of surface tension. Comparison of the lipoid
content of the various enzyme preparations was therefore indicated.
Table 3 gives the results of the determinations.
TABLE 3
Mouse lung ........ ......... 2.69%o
Mouse kidney ......... 5.80%
Rabbit lung .................. ... ... .. 3.84%o
Rabbit kidney ..... ............. 6.64%0
Guinea-pig lung ........ ........ 3.85%o
Guinea-pig kidney ............ 4.46%
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Kidney enzyme extracts, found to be inhibited least by fatty
acids,8 contained more lipoids than did lung preparations. The pro-
portions of lipoids present in the lung enzyme extracts, however, did
not correspond to the differences in inhibition observed earlier.
A role similar to that attributed to the lipoids may be played by
proteins (Cooper and Edgar4). It has been demonstrated also for
serum that proteins participate in maintaining the surface tension at
constant levels.'1 A comparison of the content of extractable albu-
min and globulin in the various enzyme preparations is given in
Table 4.
TABLE 4
NPN % Albumin o% Total extract protein %
mg. N mg. N mg. N
Mouse lung .................... 0.436 2.350 4.025
Mouse kidney .................... 0.525 1.500 3.700
Rabbit lung .................... 0.530 0.689 2.542
Rabbit kidney .................... 0.656 1.057 2.100
Guinea-pig lung .................... 0.574 1.9452.745
Guinea-pig kidney ................ 0.688 1.039 1.677
As a further test, continuous surface tension measurements were
carried out on enzyme test solutions. The figures in Table 5 are
representative and indicate that a slight additional rise in surface
tension may be attributed to the adsorptive forces in the enzyme
test solution.
TABLE 5
Mlinutes
r -- ~~~~~~~A
Temp. 00 0 30 60 90 130 180 240
Dynes/lsq. cm.
Enzyme test
solution 60C. 49.3 32.2 ..... 36.7 '37,0 40.0 40.2 38.8
(Rabbit lung) 37.50C. 43.3 31.8 31.7 34.8 34.6 34.2 34.6
II. Oleic and linoleic acids, which differ only in the number of
double bonds, and chaulmoogric acid which is of similar molecular
weight but of different configuration, were employed to determine
the inhibitive influence of chemical structure. The amount of fatty
acid added was the same in all experiments. A I/l OOOM concen-
tration was selected, for earlier experiments8 had indicated that this
represented the limit that produced inhibition only when the respec-
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tive enzyme seemed to be particularly susceptible to the effect of the
lipoid.
The surface tension was read at the start of the experiment with
an allowance of 30 minutes to reach equilibrium. The enzymes
employed were derived from kidney and lung of the three species
mouse, rabbit, and guinea-pig. Two experiments using enzyme
material recovered from different groups of animals were carried
out in each instance. The average of both the phosphorus split off
from the substrate and of the surface tension readings are recorded
in Table 6.
TABLE 6
Time of incubation
Inhibitor 6 hrs. 24 hrs. 48 hrs. Surface tension
Enzyme 1/1OOOM mg.phosphorussplit off dynesl/sq. cm.
Mouse Oleic acid .0422 * .. .0331 35.1
kidney Chaulmoogric acid .0073 .0157 .0060 37.1
Linoleic acid .0065 .0224 .0234 39.7
Control .0094 .0106 .0204 38.3
Rabbit Oleic acid .0005 .0097 .0128 35.5
kidney Chaulmoogric acid .0010 .0060 .0114 42.2
Linoleic acid .0052 .0034 .0095 32.7
Control .0080 .0125 .0150 42.8
Guinea-pig Oleic acid .0068 .0323 .0602 36.4
kidney Chaulmoogric acid .0069 .0202 .0226 41.2
Linoleic acid .0047 .0278 .0379 38.6
Control .0105 .0305 .0725 45.9
Mouse Oleic acid .0024 .0099 * 38.1
lung Chaulmoogric acid .0041 .0074 * .. 43.2
Linoleic acid .0062 .0052 * 39.5
Control .0064 .0066 * 43.3
Rabbit Oleic acid .0015 .0060 .0091 39.7
lung Chaulmoogric acid .0026 .0052 .0081 41.4
Linoleic acid .0013 .0043 .0034 37.6
Control .0031 .0088 .0102 45.8
Guinea-pig Oleic acid .0096 * .0133 38.9
lung Chaulmoogric acid .0085 * .0161 38.5
Linoleic acid .0045 .0096 .0140 38.3
Control .0046 .0122 .0167 42.3
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The results indicate that oleic and linoleic acids did not exert
any inhibitory effect on the mouse kidney extract. There was,
however, distinct impairment of enzyme activity by chaulmoogric
acid-even though the latter lowered the surface tension less than
did oleic acid (37.1 and 35.1 dynes/sq. cm., respectively).
The results obtained with extract of guinea-pig kidney were still
more striking. Oleic and linoleic acids did act as inhibitors, as was
to be expected from the results reported previously, but chaul-
moogric acid exerted a far greater effect. The surface tension
depression for the mixture containing chaulmoogric acid, however,
was 4.8 dynes less than that for the oleic acid. The rabbit kidney
extract maintained an intermediate position. The interpretation of
the results with the enzyme preparations from lungs is difficult
because of the small amounts of cleavage. The maximal inhibition
was exerted by linoleic and oleic acids; chaulmoogric acid had less,
if any, effect (guinea-pig lung). This contrasts with the results on
kidney extracts.
Discussion
Several studies concerning the effect of fatty acids or their soaps
on enzyme activity have been reported.8' 10, 1, 15 The tuberde
bacillus contains large amounts of lipoids"4 and the hypothesis has
been proposed that these react with cellular constituents of the host
itself, with resultant impairment of the activity of cellular enzymes.
The mechanism concerned probably involves various factors. One
of them has been demonstrated to be the molecular weight of the
respective fatty acids."5 Whether changes of surface tension or the
structure of the fatty acids is more important for the inhibition has
been investigated.
The drop in surface tension on addition of a surface active sub-
stance to colloidal solution followed by a recovery had been demon-
strated for serum byduNoiuy5 and later for other complex solutions.1
This was ascribed to the adsorbing action of colloids (duNouy).
Other authors16 suggested that this phenomenon was due to precipi-
tation of the oleic acid ion by the ionized calcium of the serum. The
experiments reported (Table 2) demonstrate that a lecithin suspen-
sion is capable of accomplishing a slow recovery of surface tension
similar to that described by duNo'uy. This observation, together
with the determinations of ionized calcium (Table 1), corroborate
the hypothesis of duNoiuy of the adsorbing effect of colloids.
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Experiments on the mechanism of inhibition disclosed that low
surface tension cannot generally serve to explain the inhibiting power
of fatty acids upon enzymes. It was demonstrated that chaulmoogric
acid is more effective in producing inhibition than is oleic or linoleic
with enzymes derived from the kidneys of three species, although
this acid depressed the surface tension less than did the two latter
compounds. When, however, enzymes other than those obtained
from kidneys were investigated, the straight chain acids proved to
be more effective. To eliminate the molecular weight factor, acids
of almost identical weight were employed.
Any attempt to explain the mechanism of the inhibiting effect of
fatty acids must take into consideration differences between the
various enzyme extracts and cannot be based upon the incidental
presence of electrolytes or colloidal substances in the enzyme test
solutions. This seems to be corroborated by the fact that kidney
enzyme preparations containing large amounts of lipoids were
strongly inhibited by chaulmoogric acid. It may be concluded from
the above experiment that the reaction between enzyme and inhibitor
is dependen;t upon several factors herewith enumerated in the order
of their importance:
(1) The specific configuration of the acid.
(2) Its molecular weight.
(3) The protein carrier of the enzyme.
(4) The surface activity of the inhibiting agent.
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